The distances to fast radio bursts (FRBs) are crucial for understanding their underlying engine, and for their use as cosmological probes. In this paper, we provide three statistical estimates of the distance to ASKAP FRBs. First, we show that the number of events of similar luminosity in ASKAP does not scale as distance cubed, as one would expect, when directly using the observed dispersion measure (DM) to infer distance. Second, by comparing the average DMs of FRBs observed with different instruments, we estimated the average redshift of ASKAP FRBs to be z ∼ 0.01 using CHIME and ASKAP, and z 0.07 using Parkes and ASKAP. Both values are much smaller than the upper limit z ∼ 0.3 estimated directly from the DM. Third, we crosscorrelate the locations of the ASKAP FRBs with existing large-area redshift surveys, and see a 3 σ correlation with the 2MASS Redshift Survey and a 5 σ correlation with the HI Parkes All Sky Survey at z ∼ 0.007. This corresponds well with the redshift of the most likely host galaxy of ASKAP FRB 171020, which is at z = 0.00867. These arguments combined suggest an extremely nearby origin of ASKAP FRBs and a local environment with accumulated electrons that contribute a DM of several hundred pc/cm 3 , which should be accounted for in theoretical models.
INTRODUCTION
Fast radio bursts (FRBs) are short (few microseconds) radio signals occurring at seemingly random times and places in the sky. Their origin is unknown, and is currently an active field of research (see Katz 2016; Ravi & Vikram 2017; Katz 2018 , and references therein for a review). At this point, there are dozens of proposed FRB progenitor models (as reviewed in Platts et al. 2018) , motivating efforts to constrain the space of possible models.
One significant source of uncertainty regarding FRBs is their distance or redshift. Measurement of the dispersion measure (DM) places an upper bound on the redshift assuming all of the dispersion is due to the intergalactic medium (IGM). However, there is evidence to suggest that the actual redshift can be considerably lower than this bound. First, Luan & Goldreich (2014) and Zhu et al. (2018) show that the scattering measure of observed FRBs cannot be explained by the IGM alone, which suggests that there is additional plasma along the line of sight which may contribute to the DM. Second, the host of the repeating FRB 121102 (Tendulkar et al. 2017 ) is found at a much lower distance than E-mail: dzli@cita.utoronto.ca that inferred from the DM, as is the most likely host for FRB 171020 (Mahony et al. 2018) . Currently, many analyses of the FRB population, luminosity function and detectability at high redshift explicitly or implicitly rely on the assumption that the DM is dominated by the IGM contribution (e.g. Shannon et al. 2018; Zhang 2018; Luo et al. 2018 ).
In addition to settling this controversy, determining the distances of FRBs will allow us to calculate the luminosities and contribution of the host or circumburst environment to the DM, two important clues to the nature of the FRB engine. Moreover, the slope of the high-energy tail of the luminosity function will determine the detection rate of events emitted at high redshift. The abundant cosmological applications of FRBs all require a large sample of FRBs at a relatively high redshift (i.e. z 0.1) (e.g. Zhou et al. 2014; Muñoz & Loeb 2018; Jaroszynski 2018, etc) .
Due to their short duration, it is difficult to determine the detailed properties of FRBs. The DM and flux are measured for almost all FRBs, but other properties like the polarisation and rotation measure are only measured for a handful of events (Petroff et al. 2014; Masui et al. 2015; Keane et al. 2016; Ravi et al. 2016; Petroff et al. 2017) . A rough sky position is measured for most FRB's, but the accuracy is not sufficient to pinpoint the emission to a partic-ular galaxy. However, as we show in this paper, the localization may be good enough to associate FRBs with large-scale structure at different epochs.
The paper is organized as follows: section 2 provides two statistical inferences of the FRB distances from the DMs, based on the scaling of number counts with DM and comparison between different experiments; section 3 correlates the ASKAP FRB positions with large scale structures in galaxy surveys; conclusion and discussions are in section 4.
STATISTICAL ARGUMENTS FOR PROXIMITY
In this section we present some some statistical arguments that support the idea that the distance to FRBs is considerably lower than the upper limit from the DM. Note that when we refer to DM below we mean the DM excess , from which the Milky Way contribution has been subtracted. Also, the DM contribution from the host DM host includes contributions from both the circumburst environment and the host galaxy interstellar medium.
Relation between Luminosity and Dispersion Measure
Let us assume for now that the contribution of the host to the DM is negligible. If this is the case, then the DM is solely due to the IGM, and therefore scales linearly with the distance to the host. If the distances are known, then one can readily calculate the bolometric luminosity from the observed flux. For a low enough redshift z 1, one can assume that space is Euclidean, and that star formation has not evolved considerably from local values. In this case the number of events of the same luminosity below a certain radius r should increase as r 3 . Since the DM is linear in the distance, then we also expect the number to increase with the DM cubed.
To test this hypothesis, we require a population of FRBs with the same "hostless" luminosity. We therefore choose ten FRBs in ASKAP, which, according to this conjecture, lie within a range of factor of two in luminosity, and plot the cumulative number count as a function of DM (corrected for the contribution of the milky way) in figure 1. This figure shows that the number of FRBs scales more like DM 1.5 than DM 3 as would be predicted by the hostless model. We note that due to Poisson noise, this difference is not statistically significant. However, it is suggestive of an issue with the hostless, IGM-dominated model.
Comparison between Different Instruments
In the previous section we argued for a low-redshift FRB model under the simplifying assumption that there is no host contribution to the DM. We will now present another argument which takes the host dispersion into account.
Assume that the FRBs detected by different instruments are emitted from the same populations (and thus have similar statistical properties), and that the detection Table 1 . N FRB : number of published FRBs; S/S ASKAP : sensitivity with respect to ASKAP; DM: average excess DM, the errors are the statistical fluctuations; z ASKAP : the inferred average redshift of ASKAP FRBs, the errors are propagated from the error of DM, which is a lower bound of the actual uncertainty.
rate is flux rather than volume limited. Under these assumptions, the average distance to the detected FRBs in Euclidean space will be proportional to the square root of the instrument sensitivity d ∝ √ S. This relationship holds for any type of luminosity function (See Appendix A for a proof of this statement). Therefore,
where d 1 and d 2 are the average distances of the FRBs detected in two arbitrary instruments with sensitivities S 1 and S 2 . For z 1 the DM IGM is almost linearly proportional to the distance in the standard calculation (Inoue 2004) . The expected excess DM from the two experiments can be written as a sum of contributions from the host and the IGM,
For z 1, the host properties are expected to evolve only weakly, so
Eqs. 1-4 contain a total of four unknowns, so we can straightforwardly compute the average DM IGM for both telescopes, and therefore the mean redshifts. We apply this calculation to FRBs detected by three instruments: Parkes, ASKAP and CHIME (Amiri et al. 2018) . The results are presented in Table. 1. We focus here as throughout this work on determining the redshifts of the ASKAP FRBs. Comparing ASKAP and CHIME yields an average redshift for these objects of z ASKAP = 0.01 ± 0.01, while the ASKAP/Parkes comparison gives z ASKAP = 0.07 ± 0.02. The errors are propagated from the variance of the average DM, which is calculated by σ DM / √ N − 1, where σ DM is the standard deviation of the observed DM.
In addition to the statistical uncertainties quoted above, there may be systematic effects which affect this computation. First, the instruments we are comparing observe in very different radio environments. The radio frequency interference (RFI) in the vicinity of Parkes is much stronger than around ASKAP, reducing the chances of detecting low-DM FRBs (Figure 2 of Patel et al. 2018 ). This RFI would systematically increase the value of z ASKAP when comparing Parkes to ASKAP. For this reason, we quote our Parkes/ASKAP estimate in Table 1 as an upper limit. CHIME also observes in a relatively high-RFI environment, but it also observes at much lower frequencies (∼600 MHz for CHIME vs. ∼1.3 GHz for ASKAP), where the differential delay is 16 times larger given the same DM with ASKAP. So the CHIME sensitivity to low-DM FRBs is less affected. This frequency difference, however, creates the potential for additional systematics, as the FRB luminosity may evolve with frequency. More generally, each experiment uses their own unique algorithms for searching for FRBs, which could bias the detection rates in different ways. Therefore, the estimated z ASKAP can have much larger uncertainties than the provided error bars. Nevertheless, the z ASKAP estimated from both sets are an order of magnitude smaller than z ASKAP ∼ 0.3 obtained for IGM-dominated DMs. This is consistent with the argument from the previous section.
FRB GALAXY CROSS-CORRELATION
We now have two arguments that FRBs may come from lower redshifts than their DMs might suggest, or equivalently that the host contribution to the DM is non-negligible. This motivates an attempt to see if the locations of FRBs are correlated with large-scale structure in the nearby universe. We will make use of the clustering redshift technique (Ménard et al. 2013) , which looks for large-scale spatial correlation with a tracer population of known redshift.
correlation estimator
To use the clustering redshift technique, we correlate the positions on the sky of our FRB sample with a threedimensional map of galaxy positions. We apply a redshift weight P(z, z 0 ) to the galaxy distribution: where n G (θ, z) is the number density of galaxies at redshift z. By weighting in this manner, we have isolated galaxies in some redshift range set by z 0 . The simplest form of P(z, z 0 ) will be a top-hat function centered at z 0 , as used in, e.g. Rahman et al. (2015) . In this case, the approach is equivalent to dividing the galaxies into discrete redshift bins. If the cross-correlation S/N in each bin is high enough, the FRB redshift distribution can be approximated as proportional to the correlation amplitudes. In our case however, the available number of FRBs is small enough that any individual thin top-hat bin will be severely noise-dominated. We could widen the bins in an attempt to increase signal-to-noise, but combining the freedom to choose the exact bin width with a low-significance expected signal makes this analysis vulnerable to the look-elsewhere effect (even if there was no large-scale correlation, we could find a high-significance result by sheer coincidence due to the large parameter space explored). In addition, as the width of the top-hat function approaches the width of the source distribution, it is no longer reasonable to assume that the sources are uniformly distributed in the redshift bin. In this case, the top-hat weighting scheme will be sub-optimal.
We therefore adopt a smoothly varying redshift weight without hard boundaries,
This function is widely used in gravitational lensing studies to assemble the redshift density distribution of background sources (eg. Weinberg & Kamionkowski 2002; Pen et al. 2003) . The z/z 2 0 term comes from the fact that in the limit of very small redshift, the universe is Euclidean; the exponential term describes the decrease in number counts at high-z as faint sources fall below the detection threshold. We use β = 1.5, which is the value that fits well for many optical/infrared galaxy surveys (eg. Lilly et al. 1995; Huchra et al. 2012 ). This can be sub-optimal if the FRB luminosity function behaves dramatically differently from that of galax- ies. However, it satisfies the conditions we discussed above, as it selects wide redshift bins with a weighting scheme that likely at least roughly matches the true redshift distribution, and the choice of the width is not fine-tuned 1 . With the cho-1 We have also perfomed the analysis with top-hat bins of various widths, and we see qualitative evidence for a peak in the clustering amplitude near what we obtain with Eq. 6. We however feel the above weighting scheme provides a more robust estimate of the significance of our result. sen value of β, the mean redshift for a distribution weighted by Eq. 6 will be z ≈ 1.5z 0 .
We estimate the correlation between the FRB locations and the weighted galaxy field with an estimator equivalent to the one defined in Davis & Peebles 1983 :
is the average galaxy number density at a given distance r from FRBs:
where N i G (r, z 0 ) is the number density of the weighted galaxy population at projected separation r from the ith FRB. The D F D G (r, z 0 ) will be above average if FRBs are correlated with the large scale structures at the selected redshift range. R F D G (r) is the same quantity computed for randomized FRB locations. The expectation value of the denominator is the same as the mean galaxy number density.
We quote uncertainties on the power spectrum using the bootstrap error computed from our randomly generated FRB catalogs,
where σ R F D G (r,z 0 ) is the standard deviation of the number density of galaxies near randomized FRB locations.
By varying z 0 , we see how the correlation varies with galaxy redshift. We compare the significance of crosscorrelation of different redshifts with the integrated crosscorrelation:
with a weight function:
The r −γ factor weights the correlation function with the power law spatial scaling generally expected for cosmological density fields (Ménard et al. 2013) . We choose the value of γ to match that computed from the auto-correlation functions of our galaxy samples. If the FRB distribution traces the same structure as the galaxy distributions, the crosscorrelation will have the same r dependence as the autocorrelation. Correlations at small r are heavily weighted by the r −γ , however, they also have large statistical fluctuations due to the smaller sample size. We additionally weight each r by its inverse variance 1/σ 2 .
ASKAP-2MRS correlation
The 2MASS Redshift Survey (2MRS) (Huchra et al. 2012 ) includes a sample of 44,599 galaxies with K s ≤ 11.75 mag and galactic latitude |b| ≥ 5 • (≥ 8 • toward the Galactic bulge), which is 97.6% complete and covers 91% of the sky. The detected galaxy redshift distribution can be well-fitted by Eq. 6 with z 0 ∼ 0.02 and z ∼ 0.03. The 2MRS galaxy autocorrelation function is proportional to r −0.9 (Krumpe et al. 2018 ), so we set γ = −0.9 in Eq. 11. We vary z 0 between 0.003 and 0.03 in Eq. 6 to study how the correlation amplitude w(z 0 ) scales with redshift. The result is shown in Figure 2 . The statistical significance peaks at 3 σ at z ∼ 0.007. The full estimated w(r, z 0 = 0.007) is shown in the upper panel of Figure 4 . This is consistent with the expected z ∼ 0.01 we estimated in Table 1 by comparing these ASKAP FRBs to those in CHIME. It is a somewhat lower redshift than we obtained by comparing the ASKAP and Parkes FRBs, but as stated above we consider the Parkes/ASKAP number to be an upper limit. For illustration purpose, figure 3 overplots the location of ASKAP FRBs and the 2MRS galaxies for 0.002 < z < 0.01. The redshift boundaries are selected to be the half maximum of the weighting function with z = 0.007.
ASKAP-HIPASS correlation
Given the low mean redshift we obtain with the ASKAP/2MRS correlation, we can test the robustness of our result by carrying out a similar analysis with the H I Parkes All Sky Survey (HIPASS). The HIPASS catalogue contains 5317 galaxies observed in the 21cm spin-flip line between redshifts ∼ 0 and 0.04 (Meyer et al. 2004; Wong et al. 2006) . Eq. 6 with z 0 ∼ 0.006 approximates the redshift distribution of HIPASS sources, though the fit is not as good as for the ASKAP sources.
HIPASS covers 71% of the sky with declination range −90 • < δ < +25 • . Studies on the Southern sky catalogue reveal it to be 99 % complete at a peak flux of 84 mJy and an integrated flux of 9.4 Jy km/s (Zwaan et al. 2004) . As HIPASS galaxies are selected on their 21 cm emission, they will have different correlation statistics than the 2MRS galaxies, which are selected in the near infrared. The projected HIPASS auto-correlation is proportional to r −0.6 (Passmoor et al. 2011 ) as opposed to r −0.9 for 2MRS galaxies (Krumpe et al. 2018) .
We again vary z 0 in Eq. 6 and plot the measured weighted cross-correlations between the weighted FRBs and the HIPASS galaxies in Figure 2 . We only use z 0 between 0.003 to 0.009, as HIPASS spans a smaller redshift range than 2MRS. The highest correlation again appears at z ∼ 0.007 with 5σ significance. Unfortunately, we are unable to verify the lack of correlation at z 0.02 seen in ASKAP×2MRS, due to the limited sample from HIPASS at higher redshift. The correlation function at this redshift is shown in Figure 4 lower panel. The measured correlation function is noisy, but within 1σ of the predicted r 0.6 scaling.
In summary, we cross-correlate the location of ASKAP FRBs with two galaxy surveys of different tracers, 2MRS and HIPASS, and see that both correlations peak at z ∼ 0.007 with 3 σ and 5 σ significance respectively. The current large sky redshift survey depth limits our ability to look for correlations at higher redshift, such as z ∼ 0.3 predicted by the IGM dominated DM assumption. With future largescale structure experiments such as 21 cm intensity mapping surveys (Bandura et al. 2014; Chen 2012; Newburgh et al. 2016) , the evidence will be more complete.
CONCLUSION
In this paper, we perform three statistical tests to infer the distances of ASKAP FRBs. We show that the number of events of similar luminosity in ASKAP does not scale properly with DM cube when attributing all the excess DMs (net DM minus the contribution from the Milky Way) to the IGM. It suggests that a noticeable fraction of the excess DM should come from sources other than the IGM. Furthermore, by comparing the average DMs of FRBs from CMIME and ASKAP, we infer an average redshift of Z ASKAP ∼ 0.01. A similar comparison between Parkes and ASKAP yields z ASKAP ∼ 0.07, which is expected to be biased high due to the different RFI environment. Both values are much smaller than the upper limit z ASKAP ∼ 0.3 inferred from attributing the excess DM entirely to the IGM.
To further constrain the distances, we cross-correlate the locations of the ASKAP FRBs with existing large-sky redshift surveys. We obtain a 3 σ correlation with 2MRS and a 5 σ correlation with HIPASS at z ∼ 0.007. These results are consistent with the redshift of the most likely host galaxy of ASKAP FRB 171020 (Mahony et al. 2018) , which is found at z = 0.00867.
Results from all three tests along with the location of FRB 171020 suggest that the origins of the ASKAP FRBs are significantly closer than the distance estimated from the excess DM, and a considerable amount of the DM is intrinsic to the host galaxies. Although each individual test does not stand on its own, the fact that several independent tests point to the same conclusion lends credibility to the result.
The inferred proximity of the FRBs suggests that the energy estimated from the direct DM/distance conversion as in (Shannon et al. 2018 ) may be off by orders of magnitude. It also indicates that the number of bright events may be considerably less than previously expected, which suggests an underlying luminosity function with a steep tail at the bright end. This will influence our view of detection rate for high redshift events. Meanwhile, our results suggest that more care should be taken when considering FRBs as a probe of cosmological parameters, as one may not be able to simply use DM as a proxy for distance. These results also suggest new constraints on theoretical models. We found that a large portion of the DM, typically several hundred pc · cm −3 , is intrinsic to the host. It is larger by an order of magnitude than most lines of sight through our galaxy (Cordes & Lazio 2003) . Therefore, any complete theoretical description for FRBs must also explain the DM. So far, most theoretical models attempt to explain different aspects of FRBs individually, such as the rate, coherent emission, luminosity and duration. One model that does account for the DM proposes FRBs come from young magnetars, and the dispersion measure comes from the surrounding supernova remnant (Margalit & Metzger 2018; Metzger et al. 2019 ). Another possibility is that FRBs happen in environments where the ambient medium is considerably denser than the ISM, such as galactic centres (e.g. Thompson 2017a,b) . These are just two examples, and we defer to future works the task of determining the favoured models. With the upcoming large number of detected FRBs, the power of statistical arguments like these will dramatically increase, enabling precision studies of the nature of FRBs.
